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[571 ABSTRACT 
A hard, tough, strong ceramic body is formed by hot 
pressing a mixture of a powdered metal and a pow- 
dered metal diboride. The metal employed is zirco- 
nium, titanium or hafnium and the diboride is the 
diboride of a different member of the same group of 
zirconium, titanium or hafnium to form a ternary com- 
position. During hot pressing at  temperatures above 
about 2,00OoF., a substantial proportion of acicular 
ternary monoboride is formed. 

9 Claims, No Drawings 
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TERNARY BORIDE PRODUCT AND PROCESS 
The invention described herein was made in the per- 

formance of work under NASA Contract No. NAS 
W-2088 and is subject to the provisions of Section 305 
of the National Aeronautics and Space Act of 1958 72 
Stat. 435; 42 U.S.C. 2457. 

BACKGROUND O F  THE INVENTION 
There are a number of important needs and uses for 

improved strong, hard, tough materials capable of 
being fabricated under feasible conditions and with- 
standing extremely severe conditions of use. For a great 
many such purposes, there are existing materials which 
do a reasonably good or  in some instances an extremely 
good job, but for some other purposes, there simply are 
not suitable materials available. For a number of pur- 
poses where inherent chemical resistance is an impor- 
tant requirement, there is a very definite need for im- 
proved materials having the combination of properties 
including extreme hardness and toughness as well as 
chemical stability at  very high temperatures. For exam- 
ple, in die casting operations and other hot forming 
operations, particularly with certain metals and other 
materials which are cast o r  extruded a t  extremely high 
temperature, it has been virtually impossible to find 
satisfactory tooling materials. Some of the products 
handled in operations of this sort are extremely difficult 
to handle because of their high temperature fabrication 
conditions and because of the abrasive nature of the 
products themselves. For example, extrusion of stain- 
less steel and titanium using steel tooling such as dies 
results in excessive wear of such components, use of 
ceramic materials such as hot pressed S i c  and Si,N, 
eliminates the wear problem, but such components fail 
by brittle fracture induced in part by a lack of tough- 
ness. 

At the present time, products such as silicon carbide 
and silicon nitride and aluminum oxides are being used 
for a number of these purposes or  are at  least of interest 
for possible use. Such materials, however, have certain 
limitations and usually are deficient either in toughness 
or  in hardness or  in high temperature stability. 

GENERAL NATURE O F  THE INVENTION 
According to the present invention, a new class of 

materials has been developed comprising a shaped 
product having a high proportion of a ternary boride. 
The new materials are prepared by hot pressing finely 
powdered zirconium diboride or  a similar diboride such 
as titanium diboride, hafnium diboride or  the like 
mixed with a finely powdered metal such as titanium 
metal, hafnium metal, zirconium metal o r  the like. The 
appropriate finely powdered materials are thoroughly 
mixed and hot pressed, with the result that there is 
formed a hot pressed ceramic product including a large 
proportion of a ternary boride generally corresponding 
to a mixture of a ternary monoboride optionally con- 
taining unreacted free metal and diboride. Very fine 
results have been achieved with the presently preferred 
titanium and zirconium boride as a hot pressed prod- 
uct. When prepared from titanium metal and zirconium 
diboride, the product i s  hot pressed from between 
about 10% and about SO% by weight titanium metal 
and the remainder essentially the zirconium diboride. 
The products such as the hot pressed mixture of 7irco- 
nium diboride and titanium o r  another metal such as 
hafnium o r  the like have ;i very adcantugeous combina- 
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tion of the desired properties of hardness, abrasion 
resistance, strength, toughness, thermal stability and 
chemical inertness and in addition, are capable them- 
selves of being processed or fabricated at  temperatures 
which are relatively low for ceramic hot pressing. In 
fact, the desired properties in some instances are so 
favorable that it has been difficult to test and evaluate 
the properties. For example, using ordinary cutting 
tools and usual cutting methods, a standard shape for 
certain strength tests could not be made in the labora- 
tory, and an outside shop was unwilling to work with 
certain of the materials because of the toughness and 
hardness of the materials. 

According to another embodiment of the invention, 
the starting materials chosen have been mixtures of two 
powdered diborides, such as zirconium diboride and 
titanium diboride, with an added powdered metal such 
as titanium, the proportions being selected to produce 
moderate to large amounts of a stable ternary monobo- 
ride. Extremely hard, tough hot pressed articles have 
been produced, particularly from pressing aimed at  the 
production of large relative paoportions of the ternary 
monoborides. 

SPECIFIC NATURE OF THE INVENTION 
The present invention relates to a hot pressed prod- 

uct prepared from a diboride such as zirconium dibo- 
ride, titanium diboride, hafnium diboride, or mixtures 
thereof and a metal such as titanium, zirconium, haf- 
nium or mixtures thereof. The presently preferred pro- 
cess for producing the product is to mix together thor- 
oughly the two classes of starting materials, diboride 
and metal, and hot press them in the desired shape. 
During hot pressing, a chemical reaction takes place 
and it is presently believed that the final product is a 
mixture including some diboride, some metal and as a 
reaction product, a ternary boride. 

The greatest amount of experience to date in the 
fabrication of products according to this invention has 
been obtained with hot pressed products formed from 
titanium metal and zirconium diboride mixtures, al- 
though useful products can be prepared with other 
mixtures. Accordingly, the invention will be particu- 
larly described with primary reference to the mixture of 
titanium metal and zirconium diboride. 

It  has previously been known that monoborides exist. 
Titanium monoboride and hafnium monoboride are 
both known at least in theory. Titanium mononboride 
is known to exist in the form of small crystals or  grains 
in metallic (Ti) matrices and it has been known that 
titanium monoboride can be prepared by heating a 
mixture of titanium metal and titanium diboride. The 
present invention is a hot pressed product formed in 
the desired shape and containing substantial quantities 
of a ternary monoboride which in the presently pre- 
ferred embodiment of the invention is a mixed 
monoboride of titanium and zirconium together with 
some unreacted product. Representative compositions 
have been employed including 12.5, 20 and 30 weight 
percent powdered titanium metal mixed with respec- 
tively 87.5, 80 and 70 weight percent powdered zirco- 
nium diboride. While it is not believed that the hot 
pressed product prepared according to this invention 
has undergone complete chemical reaction and accord- 
ingly, it is not believed that pure ternary monoboride is 
produced in the absence of free metal and unreacted 
diboride, it has, nevertheless, been found that certain 
of the desired product properties appear to be at a very 
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high level in the composition prepared from approxi- The mixed powders were loaded into a graphite hot 
mately 30 weight percent of titanium and approxi- pressing die lined with a graphite liner. In order to 
mately 70 weight percent zirconium diboride. In addi- obtain two test samples prepared according to identical 
tion, it has been found that fabricating and processing procedures, two samples were made and were sepa- 
are relatively easy. Specificallv. the product hot 5 rated in the die with a graphite spacer. A flowing argon 
pressed from-30 weight percent Gtanium metal and 70 
weight percent zirconium diboride can be hot pressed 
at a temperature of about 2400"F., whereas zirconium 
diboride alone requires a hot pressing temperature 
about 1,000"F. higher. 

The composition of the hot pressed article prepared 
according to the present invention can be expressed in 
terms of certain proportions of two different metals, 
M I  and M2, and boron. The actual crystallographic 
nature of the product is now believed to be a mixture of 
the two metals, probably as an alloy, a ternary diboride 
and a ternary monoboride. Favorable experimental 
results have been achieved with compositions generally 
corresponding to a mixed ternary boride according to 

- -  
atmosphere was maintained in the hot pressing appara- 
tus during the fabrication cycle. The temperature was 
gradually increased to the desired maximum processing 
temperature, which in the case of the present example 

0 was 2550°F. The load on the compact was also gradu- 
ally increased to the desired pressing temperature, 
which in this case was 3,000 pounds per square inch. 
The pressure was maintained at 3,000 pounds per 
square inch after the temperature had been raised to 

5 2075°F. After pressing for about 2 ?h hours, the heating 
was discontinued and the product allowed to cool 
slowly until the pressure had fallen to 2000°F. There- 
upon, the pressure was removed and the entire appara- 
tus was allowed to cool over night. Upon removal from 

the formula ( M I ,  M2),B2, where x is between about 20 the die, the hot pressed samples ;ere subjected to 
1.25 and about 2.5, preferably between about 1.5 and metallographic examination which revealed a duplex 
2.2. The best results to date have been realized with a structure consisting of a first extremely fine grained 
composition corresponding roughly with that of a acicular phase believed to be a ternary monoboride of 
monoboride, or in other words with x at  a value of titanium and zirconium and a second polycrystalline 
about 2. 25 ceramic phase believed to be essentially zirconium 

It is observed that the composition of Example I diboride. 
where 12.5 weight percent titanium metal was incorpo- The procedure was repeated with different percent- 
rated in the starting mixture corresponds to the propor- ages of titanium metal. In the first hot pressing, there 
tions represented by about (Ti, Zr),,25B2. Similarly, the was employed 12.5% titanium metal and 87.5% zirco- 
composition of this same example where 30 weight 30 nium diboride. In a second hot pressing, there was 
percent titanium metal is incorporated in the starting employed 20% titanium and 80% zirconium diboride. 
mix corresponds to approximately (Ti, Zr)2B2 which is In a third hot pressing, there was employed 30% tita- 
essentially the composition of the mixed ternary nium and 70% zirconium diboride. 

EXAMPLE I1 
monoboride. When hafnium, which has a distinctly 
greater atomic weight and density, is used in partial or 35 
complete substitution for the titanium or the zirco- The procedure of Example I was repeated with a 
nium, generally similar results are realized if the pro- mixture of titanium powder (-100 mesh), titanium 
portion of the hafnium is considered in terms of its diboride powder (-325 mesh) and zirconium diboride 
atomic proportion according to this same formula. powder (-325 mesh). In one hot pressing, there was 
Accordingly, the invention can be considered as a ter- 40 used 45 weight percent titanium, 22 weight percent 
nary hot pressed mixture of a first metal, MI which is zirconium diboride and 33 weight percent titanium 
one of the three metals, titanium, zirconium or hafnium diboride. In this hot pressing, a maximum temperature 
and a second metal, M2, which is a different metal or was 2550°F. and the pressure of 3,000 pounds per 
mixture of metals from the same group of titanium, square inch was reached at 2090°F. and was held con- 
zirconium and hafnium where the composition is ex- 45 stant thereafter. Heating was discontinued after 190 
pressed by the formula (M 1, M2),B2 with x having the minutes from the start of the heating cycle. When the 
above indicated range from about 1.25 to about 2.5 temperature had fallen to 2,00O"F., the pressure was 
and preferably from about 1.5 to about 2.2. In any of removed. After cooling over night, the samples were 
the cases, a significant proportion of the two metals and removed from the die. Metallographic examination 
the boron are present in the form of acicular mixed 50 revealed an extremely fine grain acicular phase as the 
monoboride and the presence of the monoboride can principal microstructural feature. This phase is be- 
be recognized in microscopic studies. If desired, all lieved to be primarily a ternary monoboride of titanium 
three of the metals titanium, zirconium, and hafnium and zirconium. 
may be included in the composition and may be repre- Samples of the products prepared according to Ex- 
sented by at  least a significant amount of (Ti, Zr, Hf)B. 55 amples I and I1 were prepared for various test proce- 

dures. Difficulty was experienced in the preparation of 
test samples of the product of Example I1 in that the hot EXAMPLE I 

Several shaped articles were formed by hot pressing pressed products were extremely hard and resisted 
mixtures of zirconium diboride and titanium metal. The cutting. A diamond cutting tool exhibited significant 
zirconium diboride was a finely powdered product 60 wear without successfully cutting the sample into test 
having a particle size of less than 325 mesh. The tita- sizes and shapes. 
nium metal similarly was a finely divided powder hav- Measured room temperature strengths for compos- 
ing a particle size of less than 100 mesh. Mixtures of the ites initially containing 20 and 30 weight percent tita- 
two powders containing 12.5,20 and 30 weight percent nium and zirconium diboride were 97,800 psi and 
titanium metal were prepared. The powders were thor- 65 150,000 psi, respectively. The measured strengths in- 
oughly mixed; it was found that mixing in a ball mill creased with increasing amount of the fine-grained 
with steel balls provided essentially coniplete unifor- acicular phase. Fracture toughness also increased with 
mity. the increase in the acicular phase; the measured work 
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of fracture (W/2A) for the product pressed from 30% 
titanium and 70% zirconium diboride is 138 X I O 3  
ergs/cm’. 

EXAMPLE I11 
The procedure of Example I was repeated using 

12.5%, 20%, 25% and 30% respectively of titanium 
metal in a series of mixtures with zirconium diboride, 
and the strengths measured: 

‘% Ti Mctiil Strcngth - Pounds pcr square inch 

12.5 77,000 
20 Y 3,000 
25 1 13.000 
30 I50.000 

The product of Example I1 was not subjected to this 
test because the sample could not be cut to the re- 
quired size and shape. 

The strength and toughness of the hot pressed prod- 
uct prepared from 30% titanium and 70% zirconium 
diboride according to Example I has been compared 
against the strength and toughness of prior art prod- 
ucts. Highly regarded prior art products are aluminum- 
oxide, silicon carbide and silicon nitride. The product 
prepared according to Example I has been found to be 
greatly superior to typical prior art products in both 
strength and toughness. Shown in Table I is the com- 
parison with reported data according to four prior ref- 
erences as follows. The first reference is L. A. Simpson, 
“Effects of Microstructure on Measurements of Frac- 
ture Energy of A1203”, J .  Am. Cer. SOC. 56 7 (1973). 
The second reference is J.  A. Coppola and R. C. 
Brandt, J .  Ani.  Cer. SOC. 55 455 ( 1972). The third refer- 
ence is a private communication to the inventor rela- 
tive to a silicon carbide product. The fourth reference 
is a contractors report to a government contracting 
agency with regard to a silicon nitride product. The 
data selected from each reference are believed to be 
favorable data selected by the authors relating to per- 
formance of their products. Generally, in current tech- 
nology, silicon carbide has a strength (sigma) of 
roughly up to 100,000 pounds per square inch and 
toughness (gamma) around 30 X I O 3  ergs per square 
centimeter. For silicon nitride strength is about the 
same as for silicon carbide, and toughness is about 70 X 
IO3 ergs per square centimeter. The products of the 
present invention have strength up to 150,000 pounds 
per square inch and toughness as high as 140 X I O 3  ergs 
per square centimeter. Of particular note is the fact 
that both strength and toughness are increased. 

Strcngth and Toughncss (Work Controllcd Fracturc) 
of Prior Ccramic Matcrials and ZrB,/Ti Composites 

Matcrial 

Aluminum Oxidcs (sintcrcd) 
Silicon Carhidc (reaction 
sintcrcd) 
Silicon Carhidc (hot presscd) 
Silicon Carhidc (hot  prcsscd) 
Silicon Nitridc (hot  prcsscd) 
ZrB230Ti (hot  prcsscd) 

hot prcsscd: Esamplc II  
Examplc I 

Rcfcr- 
cnce Strcngth Toughness 

(ps i )  (crgs/cm’) 

I 29,000 40 X 10” 
2 17,800 27 X 10:’ 

2 24,300 83 X lo:’ 
3 80.000 30 x lo:’ 
4 94.000 70 x 10:’ 

- 150,000 138 X IO:’ 
- Test samvlc not cut 

6 
It is particularly important in this art to have ex- 

tremely good quality control; special attention should 
be directed to particle size control to produce uniform 
fine grain polycrystalline material. It apparently is the 

j weakness associated with the larger grain which is the 
limiting factor regarding strength or toughness, which- 
ever property is being viewed. Generally speaking, a 
product in which all of the grains are no larger than 10 
microns is stronger and tougher than a product in 

I o  which most of the grains are approximately 5 microns 
and a few of the grains up around 20 to 40 microns. 
Thus, it is important that in the present invention, the 
results which are being approached are uniformity of 
grains of a size range of no more than 5 microns. When 

I’ the product of Example I1 is viewed at  1500X magnifi- 
cation, the particles appear very small and it seems that 
the effective particle size is around one micron even 
though the particle size of the starting materials was 
greatly larger than one micron. An important advan- *’ tage of the invention apparently resulting at  least in 
part from the relatively low processing temperature is 
the avoidance of exaggerated grain. growth and resul- 
tant attainment of high strength and toughness. 

Hafnium boron compositions of the type produced in *’ this invention are generally strongly oxidation resistant, 
and accordingly, hafnium is particularly useful in the 
invention to produce improved oxidation resistance. 
One of the items of interest here is the cost of hafnium 
borides. Hafnium borides containing moderate quanti- 
ties of zirconium are not excessively expensive so that 
hafnium-zirconium monoboride or hafnium-zirconium- 
titanium monoboride products are both valuable in 
their properties and realistic in their cost. 

30 . 

35 I claim: 
1. A tough, hard, hot pressed shaped body containing 

boron and at least two of the three elements, titanium, 
zirconium, hafnium, hot pressed from a mixture of 
powdered metal and a powdered diboride to form sub- 

40 stantial quantities of a ternary monoboride of said ele- 
ments and having a percentage composition corre- 
sponding to the formula 

where M 1 is titanium, zirconium or hafnium and M 2  is 
a different metal of the group of titanium, zirconium 

45 and hafnium, and where x is between about 1.25 and 
about 2.5. 

2. The hot pressed product of claim 1, where x is 
between about 1.5 and about 2.2. 

3. The hot pressed product of claim 1, where x is 
about 2. 

4. A tough, hard, hot pressed shaped body containing 
boron, titanium and zirconium hot pressed from a mix- 
ture of metal and diboride to form substantial quanti- 
ties of titanium-zirconium monoboride and having a 

” percentage composition corresponding to the formula 

where x is is between about 1.25 and about 2.5. 
5. The hot pressed product of claim 4, where x is 

between about 1.5 and about 2.2. 
6. A tough, hard, hot pressed shaped body having a 

composition corresponding approximately to a ternary 
monoboride of titanium and zirconium and having 
approximately equal atomic proportions of titanium 
and zirconium. 
7. A method of making a hard, tough, shaped body 

comprising hot pressing at  a temperature at least about 
2000°F. a uniform mixture of powdered metal and 
powdered metal diboride where the diboride is selected 

( M I ,  M 2 ) r  Bz 

(TI, Zr)zB, 

60 

6s 
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from the group consisting of titanium diboride, zirco- zirconium, titanium and boron, in approximately the 
nium diboride, hafnium diboride and mixtures thereof proportions corresponding to a ternary monoboride. 
and the powdered metal is a different metal selected 9. A method of making a strong, tough, hard, shaped 
from titanium, zirconium, hafnium and mixtures ceramic body comprising uniformly mixing zirconium 
thereof, said method forming substantial quantities of a 5 diboride powder and about to about 30% by ternary monoboride from said powdered metal and said weight of titanium metal powder and hot pressing said diboride. 

8. A method according to claim 7 wherein the dibo- mixture at about 3,000 pounds per square inch at a 
ride is titanium diboride or zirconium diboride or a temperature of a t  least about 2,50OoF., to produce a 
mixture thereof and wherein the metal powder is a IO ceramic body Containing substantial qUantitieS Of aCiC- 
different metal of the group of titanium and zirconium, ular zirconium titanium monoboride. 
whereby the mixture is a ternary mixture containing * * * * *  
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